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2STS OF AIRFOILS EWSIGNED To DELAY’”hn L -
COMPRESSIBILITY BURBLu IR
By John Stack - . _ I s

SUMMARY - ” Bl

Fundamental investigations of compressibility
phenomena for airfolls have shown that seriocus adverse
changes of aerodynamic characteristics occeccur as the - S .
local speed over the surface excesds the local speed of - -
sound. These adverse changes have been delayed to higher :
free~stream speeds by development of suitable airrioil e
shapes. The method of deriving such airfoll shapes is ' =
described, and aerodynamic data for a wide range of Mach : ot
numbers obtained from, tests of these airfolls in the - -
Langley 2l~inch high-speed tunnel are presented. These
alrfoils, designated the NACA 1l6-geries, have increased - - -
eritical Mach number. The same methods by which these - R
airfoils have besn developed are agplicable to other
alrplene components. Sl i

f-

INTRODUCTION

- EE - -

Development of airfoll sections suitable for high-
speed gpplications has generally been difficult because™ -
little was known of the flow phenomenon thst occurs at
high speeds. .A définite critical speed has been fourd -
at,which ssrious. detrimental flow changes occur that -
lead to serious losses Iin 1ift and large increases in )
drag. This flow phenomenon, called the compressibility -
burble, was originally a propeller problem .but, wilith the -
development of high-speed aircraft, sericus consideration T
has to be glven to other parts of the: alrplane. It is e —
Important to realize, however, that the prdpeller will B
continue to offer the most serious compressibillty Lo IR
problems for ftwo reasons: first, because propeller~ - -
sectlon speeds. are higher than tne speed of the alrplane ' i
and, second,;'!becauseisgtructural requirements lead to e —
thick sectlons near the root.
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Fundamental lnvestigations of high~speed sir-flow
phenomena recently completed (references 1 to %) have
provided much new information. From practical considera-
tions an important concluslon of these investigations
has been the determination of the critical speed, that
13, the speed at which the compressibility burble occurs.
The critical speed was shown to be the translational
veloclty at which the sum of the translational velocity
and the maximum local induced veloclty at the surface
of the alrfoll or other body equals the local speed of
sound. Obviously, then, higher critical speeds can be
attained through the development of alrfoils that have
minimum induced velocity for any given value of the 1lift

. Presumably, the highest criticsl speed will be
attained by an alrfoll that has uniform chordwise distri-
bution of induced velocity or, in other words, a flat
pressure~dlstribution curve. All conventional alrfoills
tend to have high negative pressures and correspondingly - -
high induced velocities near the nose, which gradually ’
taper off te the air-stream conditions at the reasr of
the airfoil. I the seme 1ift coefficient can be obtalned
by decreasing the induced velocity near the nosé and . )
increasing the induced veloclity over the rear portion of
the airfoll, the critiocml speed will be increassd by an
amount proportional to the decrease obtained in the
maximum Induced velocity. The 1deal airfoll for any
given high-speed application is, then, that shape which
at its operating lift coefficlent has uniform chordwlse
distributlon of induced velocity. Accordingly, an ana-
lytical search for such airfoils has been conducted by
members of the staff of the Langley Memorial Aeronsutical
Laboratory and these airfoils have been investigated

experimentally in the Langley 2L~inch high-speed tunnel.

The Tlrst airfoils investigated showed marked
improvement over those shapes already available; not :
only was the critical speed Increased but also the drag
a8t low Bpeeds was decreased considerably. Because of
the marked improvement achieved, it was considered
desirable to extend the thickness and the lift-cosefficient
ranges for which the orlginal airfoils hed been designed
to obtaln data of lmmediate practical value before further
extending the investigttion of the fundamental aspects
of the-problem. R

.
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SYMBOLS

x abscissa of.camber.lipg -
To ordinate of camber line ) b = PR
t thickness, percent of chord _
c airfoil chord o R S o
8 defined bﬁ % = %(l - cos 8) : -
cr, 11t coefficient T —
Cp drag coefficlent - . H"w:;; r‘“i
®Din minimum drag coefficient - '_-_;i‘— T | . i
Cy pitching-moment coefficlent abdut quarter-chord"

e/l point
P pressure coefficient _ E
M Mach numbsr U ' o _ 2 o
Mop critical Mach number ‘ﬁ_ﬁ_h:g‘?
R Reynolds number : e T -t -

a angle of attack, degrees '.-1: Do L
DEVELOPMENT OF AIRFOIL SERIES - .-'1 _ DL TR

The gerodynamic charactsristics of any airfoil are,
in general, dependent upon the airfoil camber line -and@ . ~ -
the thlckness form. Mean camber lines wére derived. -
analytically to obtain a uniform chordwise distribution =
of induced velocity or pressure for certain designated
11ft coefficients, and an anslybical search for a thick-
ness form that likewlse has low and uniform chordw{ze T e
induced-velocity distributlon was then undertaken. o —

Derivation of the cambsr line.- Glauert (refersﬁéé Ly -
has derived expressions for the local induced velocity
at a point on an airfoll (zero thickness assumed) in
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tarms of the circulstion arcund.an eirfoil corresponding
to & certain distribution of vorticity along the .sirfoll
surface. By assuming the distribution of vorticity to be
constant, a line amirfoill is determined that gives uniform
chiordwise pressure distribution. The form of ths equa~
tion a0 derived is o

T
= HF (log .

where 7y, 4is the ordinate of the mean cembsr llne, x 1is

the abscissa, and the chord is taken as unity. The
ideallzed form described by thls equation has disconti-
nulties at the nose and at the tail, This difficulty ls.
circumvented by assuming very sliight gradients in the
chordwlse load distribution Just at the nose and just at.
the tail, This form, derived by using the Fourler series
method, 1s gZiven by the equation L o

- C - ) -
%ﬁ = E%(o.5833 - 0.%3%33% cos 28 ~ 0.0333 cos L8

- 0.0095 cos 68 - 3,0040 cos 88
- 0.0020 cos 108 ~ 0.0012 ocos 128) (2)

X

where = %(l - cos 8) and c¢ is the sirfoll chord.

Q

Equation (2) expresses the mean camber line chodasn for
airfoils of the series developed. Load or Ilnduced-
veloclty gradings derived from both equations (1) and (2}
are actually {dentical for all practical. purposes. Mean~
camber-line ordinates are given in table I for (g = 1.0,

In. order to.obtaln the mean camber.line.giving uniform
chordwlae distribution of induded veloclty for other
values of the-l1ft coefficlent; the values given’'in
table I are multiplied by the value of the desired lift
coeflicient. ' : .

quivation of the- thickness rorm.- The derivation

of the. thicknasa form 1s not 8q.sSimpie or direct.as the
derivstion of the mesh camber line. The theoretical
pressure:.distribution.was computsd by the methods of
reference 5. f'or, sack; gf‘thé“ﬁeveral thlckness- fcrms

B

invest: gated in peference €. .Some of these forms.

1l 4+ x log l,:~§) _ (1)
X X t
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approached the desd»éd shape but further modificatlons
were investigated analytically and, finally, two shapes
were chosen for tests. These shepes, the HACA 07-009

and the NACA 16-009, &@nd the theoretical pressure distrl--
bution for each are shown in figure 1. The complete '
airfoil profile is derived by first calculating the mean
camber llne for the desired lift coefficient and then
laying out the thickness ordinates giveh in table II from
the camber line along perpendlculars to this line.

Airfoll designation.- Because the ideal sefias of

airfoils requires an extremely large variation of shape,
it becomes practically impossible to use previous num-
bering systems and, further, because thils new series of
airfoils is designed to obtain & specific pressure dlagram,
these sirfolils are designated by a new series of numbers
that is related to the flow and the operating character~
istics of the airfoil. The first number is a serisl
number that descrlbes the class of pressurs distribution,
the second number gives the location of the méximum néga-
tive pressure in percent of chord from the leading edge,
the first number following the dash glves the 1ift coefl~
ficient for which the airfoil was designed to. operate, =
and the last two numbers glve the airfoil thickness in
percent of chord. Thus the NACA 16-509 airfoll has the
shape of the NACA 16-0C9 disposed about the uniform-chord-
wise load camber line designed for & 1lift coerficient of
O 5‘ : . - -

Airfoils investigated.- As previously stated, two
basid alrfoils were investigated. (See fig. 1.} The
NACA 07-009 girfoil should, theoretically, give higher
critical speed than the NACA 16~009 but an edrlier inves-
tigation (refevence %) indicated that, for pressures
occurring near the leading edge, the’ 1ncrease in the
pressure coefficient as a result of compressibility
effects was gredter then that for pressures occurring

farther back on the airfoll, Consequently, it was belieﬁed

that, at speeds as high as the critical speed, the NACA
07-009 asirfoil migtit have, as a result of compressibility
effects, a pressure peak near the leading edge.  The :
NACA 16 -009 airfoll was therefore developed in an dttempt,
to achleve the uniform chordwise load distribution at

high speeds. Both forms were tested and the results
showed higher drag and loweyr critical speed for the NACA
07-009 airfoil. Accordingly, the NACA 16-009 airfoil '
was chosen as the basic form for a series of airfolls

s e
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designed to operate at various 1ift coefficlents.. For ,,.
one value of the 1lift coefficlent the effect of.thickness
variation was also investigated. The airfoils teasted,

of which profiles are shown in figure ‘; are as follows-

"NACA 16-009 NACA 16-506
NACA 16-109 . NACA 16-512 .
NACA 16-209 : NACA 16-515
NACA 16-509 . . NACA 16-521
NACA 16-709 NACA 16-530
NACA 16~1009 . NACA 16-106

NACA 07-009 NACA 07-509

APPARATUS AND METHOD

The tests were conducted in the Langley 2L-inch
high~speed tunnel, in which veloclties approdaching the
speed of sound can he pbtalned. A brisef description of
this tunnel 1s given in reference 3. The balance meas~
ures 1ift, drag, and pltching moment =nd, except for
improvements thet permit a more accurate determinetion
of the forces, 1s similer in principle to the balance
used in the Langley ll-inch high-~speed tunnel. The
methods of operation are likewilse slmilar to those
employed in the operation of-the Langley ll-inch high-
speed tunnel (reference 7}. -

The models were of 5-inch chord and 30-inch span
and were medé of ‘duralumin. A complete description of
the method of constructing the models 1la given in ref-
erence 8. The model mounting is simlilar to that used
in the Langley ll-inch high-speed tunnel (reference 7).
The model extends across the tunnel and through holes,
which are of the same shape as but slightly larger than
the model, cut in flexible brass end plates .that preserve
the csntour of the tunnel walls.  The model ends are :
securad In the balance, which extends halfway around the
test section and is enclosed in the alrtight tunnel
chamber simllar to the instellation in the Langley ll-inch
high-speéed funnel (reference 7). o

The speed range over which measurements were made
extended, in general, from 25 percent of the speed of
sound to values in excess of the critical speed. The
corresponding Reynolds number range was from approxi-
mately 700,000 to nearly 2,000,000. The lift-coefficlent
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range for which tests were made extended from zero 1ift
for each airfoil to values approasching meximum lift

PRICISION

Accidentsal ‘errors are indicated by the scatter on
the plots showing the measured test data (figs. 3 and
2% to 25). These errors are, in general, rather small
and affect nelther the application nor the comparison of
the data. Tunnel effects arlsing from end leakage,’
restriction, and the usual type of tunrel-wal’l “‘effect
are important. =Exact knowledge of these varlous effects
is incomplete at the present time. The largsst effects
appear to arise from air leskage through the clearance
between the model &nd the brass end plates in the tunnel
wall through which the model passes. Investigations of
the leakage effects have been made for the NACA 0012 air-~
foil with a special type of internal gap or clearance =
that permits wide variation of the gap.  Data obtained
wlth various gsp dettings of 0,01 inch and larger extra-
polated ©to zero gasp were used to evaluate the leakage -
correction for the standard type of mounting. These
corrected data wsre then checked by means of wake - -survey
drag measurements with end leakage eliminsted by rubber”
seals. DBecsuse ‘the balance chamber 1s sirti t, the
end-leakage condition is related to the pressure distri-
butlon around the model. It was therefore considered
advisable to check the method of correction for end -

leakage by wake-survey tests with end leakage eliminated '~

by rubber seals for these new aslrfoils, which have radl=
cally dlfferent pressure distributions from the alder o
airfolls such as the NACA 0012. ' Some of these data é4re
shown in figure 3. 1In general, the -agreement is excel-
lent. The data have accordingly been corrected for end-
leakage effects. SRR

Other tunnel effects have not been completely inves-
tigaeted and the data have not been corrected for such
effects as restriction or the more usuel type of wall
effects - As presented, the data are therefore conserva-:
tive, .lhasmuch as investigatlions medé thus far indicate
that the coefficients are high and the critical speeds
may be low., Strictly comparable data for two older alr-
foils,: the 3C8 and the NACA 2409-3l, for . tWwo Mach- numbers .
are included S0 that comparisons can be 'made. ~--7° 2t

. :?-.-
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DISCUS3ION.. .

Ae”odynamic characteristics for several of the NACA
1é-series airfolls ave glven in figures L to 18. Exami-
nation of these figures indicates two important discrep-
ancies between thie theoretical design condltions and the
data obtained from the tests: PFilirst, nome of the' alrfclls
attains the design lift coéfficient at the design angle
of attack (0°) and, -second, the .departure incresddes
markedlv with the d651gn 1ift coefficient. The departures
med¥ be important Lf wvaristicn from the ideal prsssure
distribution is rapid with changse in 1iff coeﬂficient._
This effect, 1f great, would tend to cause lower drag =
and higher critical speed for & narrow region near the'
dbsign-condition than are shown by these data. These
departures also 1increase with the alrfoil thickness.

The .differences between tae design conditions and
the actual test results may be expected because of the
“simplifying assumptions of the thin-airfoil theory,
Thecretically, 1t .ls assumed thet the induced.velocities
ere negligibly small as compared wit: the stream veloclty.
For thin airfolls &t low lifts, this approximation 1s
valld. With increases of 1Lift or thickness, however, the
induced velocitiss epprozch and sometimes exceed the
stream velocity. Study of these effects appesrs to-be
very lmportant in order to obtaln the proper sirfolls”
for high 11£t cecefficients and large thickness ratlos.
Devlations shown by the alrfoils in this series having
high 1ift and high thlckness ratios appear bto 1lndlcate
that the use of a single basic shaepe is. unwarranted irf
it is‘desired to obtain optimum .airfoils for a wide range
of'lift qpefficient and thickneﬁp distribut¢on.-

Txeoretical pressurn-distrxbution diagrams for the
thickér alrfoils showed much greatsr slope.of the pres-
suré’ curve than 1s shown by the baslc NACA 16~009 salrfoil.
Preliminary study indicated that increasing the leading-
edge radiug -and.the ‘fullness of the airfoil between the
l1€ading . edge and .the maximum ordinate may lead to con-
siderable. 1mprovément~vver ths thicker airfoils herein

reported._-,- 1 e T  ;;
Compafisén'of airfbils,— rigufes 10 énd.ZOJiliﬁétraté

the_ dirferences 1n aeroaynamlc characterlatics between
older propeller-blsde sections and the NACA lé-series
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airfoils. At lower speeds (¥ = 0.45; fig. 19) the

3c8 airfoil appears to attain a much higher maximum 1ift
coefficient than the new alrfolls. This result 1is impof-“
tant in that the wider useful angle-<of-attack range may
frequently be required to prevent stalling of a propeller
during take-off. Over the normael flight range, however,
and in most cases for which rational cholce of section
can be msade, the lower drag of the new sections offers
considerable opportunity to achieve higher efficlencies.
The low drag attained by the NACA 2L409-3l airfoll developed
from earlisr tests iIn the Langley ll-inch high-speed tun-
nel may appear surprising. Actually the type of flow for
this asirfoll spproaches the flow tnat might be expected
for the NACA 16-309 sirfoil. . )

The low drag common to most.of the NACA 16-series
airfoils is associated with more extensive reglons of
laminar flow in the boundary layer resulting from the
rearward positionm of the point of maximum negative pres-
sure. Unfortunately, however, the Reynolds number is so
low that effects of lamlnar sepersation may appsar and
some pressure drag might occur. The small differences
in drag between the envelope polar for the new airfolls
and for the NacA 24,09-3l airfoil are prabably a result
of this phenomenon. Actually the polnt of maximum nega-
tive pressure for the new airfolls is considerably
farther back than the corresponding point for the NACA
24,09-3l airfoil but, L1f laminar separation occurs early,
nearly equal drag coeff101ents might be expetted. -

E T T -

bt T8 e

At high speeds (¥ = 3.75, fig. 20), the region for—
which the NACA 1l6-series airfoils were designed, the
superiority of the new alrfoils 1s clear. "Thé& earlier
onset of the compressibility effects for the older air-
foils lesds to early drag incresses snd lowered maximum
lift coefficlents. AL speeds above M = 0.75 the use of
the o6lder sectlons appears unwarranted for any purpose.

Critical speed.~- The variation of the critical'
speed with 1ift coefficient and wlth thickness is given

in figures 21 and 22, respectivsly. - These curves indicate

that critical speeds exceeding the theoretical values
were attained in the tests. 1In ths cholce of the test
criticel speeds, the values were selected on the basis .

of earlier experience that indicated some rise in drag = -

before lsrge flow disturbances occurred. If these speedé '
were chosen as the highest values reached before any
appreciable drag.inerement occurred, the agreement wilth
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the theoretical .curves would be very géod. For oconiparison
the critical speed of the 308 alrfoil is plottsed .in fig-
ure 21. The difference between .the new and the older
#irfoils 1s grester than shown by the curves becausé the
3C3 is 8 percent thick, or 1 percent of ‘the chord thinner

than the airfoils of the NACA 15-009 series. .

Minimum drag.- Coefficients of minimum drag plotted
against Reynolds number are glven 1n figures .23 and 2l.
The lowest drag coefficient was obtained for the NACA
16-~106 airfoll; this coefficient is approximately 0.0026
at low speeds and increases to approximetely 0.0032
immediately below the critical speed. ¢ the 9-percent-
thizk airfoll series designed to operate at various L1ift
coefficients; the. NACA 16-109 alrfoil appears to have
the lowest drag. This result is contrary to expectation
because the symmetrical or baslc form of the NACA 16-009
would normally have the lowest minimum drag coefficilent.
The dlfference may be due to same 1irregularlty of the
airfoll surface. .

The comparison of the minimum drag coefficlents .
for the 3C8 and the Naca 2L,09-3l, and 16-209 alrfoils is
shown 1n figure 25. The high critical speed .-for the NACA
16-209 airfoil is appsrent.. The comparison as given
directly by flgure 25 1s a little misleading because of
the smaller thickness ratio Tor the 3¢8 airfoill. For
equal thlckness rstiocs, the differences betwsen the
C-serles and the NACA l6-series sirfoils will be greater

than shown.

Use of the data.- The envelope polars that may be
drewn for the NACA l6-series airfolls represent a new
and much lower drag as well as higher critical speed
attalnables for the design of propeller-~blade gectlons.
Bven though the angle~of-attack range is less then for
the older sectlorns, there will be numerous designs for’
which sufficient angle-of-attack range is given by the
new sections. TFor high-speed, high-altitude aircraft,
the advantages of the low drag and high critical spesd
are of paramount importance and, 1n these designs, rational
cholce of sectlon 1s of increasing Importance. = In many
designs the dismeter is fixed by considerations other -
then propeller efficlency. Thus the induced losses are
fixed and propellérs of highest efficlency can be developed
only by operating and designiang the blade sections to
operate on the envelope polers. Another important con-
slderation in using new blade sections to achieve highest
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efficiency concerns the adaptation of the sections to

older propeller designs. Optlimum efficlency cannot be

achieved by simply substituting the new sections for the

0ld on a given design. The use of better blade s&ctions

permits the use of larger diameter and necessitates some’ Sz
plan-form changes. _All these factors should be considered

in a2 design for best efflciency with the _hew blade gections.

CONCLUSIOW . R

By a new approach to airfoil design hased upon
findings of fundamental flow studies, a new series of
airfoils, the NACA 16 series, have been developed which
have increased critlcal Mach number and at low speeds T -
reduced drag. - . S

T ; T T e

Ce—a o

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley rield va., June 1, 1939
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TABLE I TR 46
™ 9%
CAMBER-LINE ORDINATES FOR NACA 16- AND 07-SZRIES
AIRFOILS WITH Cp = L.0- | T
[All values measured in percent chord
from chord 1ine_] )
Station Ordinate Slope
0 o . &ﬁ;ﬁj s '“E.'u,-o.‘/uﬂ?
1.25 535 ) ikt
256" 950 29155
—F 5.6 1.580 2332
750 2,120 .19693
10- 00 2.587 17466
- 15.00 3.356] 1380l
.29.00 3?82 .11032
.25.00 . Zs - 08743
50%00 4863 L0&7L3
140-00 5.356 .0%227
50-00 5,516 0 '
6G-o0 3.55,6 - .03227
. 7G-00 861 - 06743
0 -00 3.982 =110%2
90.00 -2.587 - 17486
.95-00 1.580 - .23}32
100.60 97 -.6223, {1

NATIONAL AbVISORY
COMMITTEE FCOR AERONAUTICS
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COMPRESSIBILITY BURBLu IR
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SUMMARY - ” Bl

Fundamental investigations of compressibility
phenomena for airfolls have shown that seriocus adverse
changes of aerodynamic characteristics occeccur as the - S .
local speed over the surface excesds the local speed of - -
sound. These adverse changes have been delayed to higher :
free~stream speeds by development of suitable airrioil e
shapes. The method of deriving such airfoll shapes is ' =
described, and aerodynamic data for a wide range of Mach : ot
numbers obtained from, tests of these airfolls in the - -
Langley 2l~inch high-speed tunnel are presented. These
alrfoils, designated the NACA 1l6-geries, have increased - - -
eritical Mach number. The same methods by which these - R
airfoils have besn developed are agplicable to other
alrplene components. Sl i

f-

INTRODUCTION

- EE - -

Development of airfoll sections suitable for high-
speed gpplications has generally been difficult because™ -
little was known of the flow phenomenon thst occurs at
high speeds. .A définite critical speed has been fourd -
at,which ssrious. detrimental flow changes occur that -
lead to serious losses Iin 1ift and large increases in )
drag. This flow phenomenon, called the compressibility -
burble, was originally a propeller problem .but, wilith the -
development of high-speed aircraft, sericus consideration T
has to be glven to other parts of the: alrplane. It is e —
Important to realize, however, that the prdpeller will B
continue to offer the most serious compressibillty Lo IR
problems for ftwo reasons: first, because propeller~ - -
sectlon speeds. are higher than tne speed of the alrplane ' i
and, second,;'!becauseisgtructural requirements lead to e —
thick sectlons near the root.
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Fundamental lnvestigations of high~speed sir-flow
phenomena recently completed (references 1 to %) have
provided much new information. From practical considera-
tions an important concluslon of these investigations
has been the determination of the critical speed, that
13, the speed at which the compressibility burble occurs.
The critical speed was shown to be the translational
veloclty at which the sum of the translational velocity
and the maximum local induced veloclty at the surface
of the alrfoll or other body equals the local speed of
sound. Obviously, then, higher critical speeds can be
attained through the development of alrfoils that have
minimum induced velocity for any given value of the 1lift

. Presumably, the highest criticsl speed will be
attained by an alrfoll that has uniform chordwise distri-
bution of induced velocity or, in other words, a flat
pressure~dlstribution curve. All conventional alrfoills
tend to have high negative pressures and correspondingly - -
high induced velocities near the nose, which gradually ’
taper off te the air-stream conditions at the reasr of
the airfoil. I the seme 1ift coefficient can be obtalned
by decreasing the induced velocity near the nosé and . )
increasing the induced veloclity over the rear portion of
the airfoll, the critiocml speed will be increassd by an
amount proportional to the decrease obtained in the
maximum Induced velocity. The 1deal airfoll for any
given high-speed application is, then, that shape which
at its operating lift coefficlent has uniform chordwlse
distributlon of induced velocity. Accordingly, an ana-
lytical search for such airfoils has been conducted by
members of the staff of the Langley Memorial Aeronsutical
Laboratory and these airfoils have been investigated

experimentally in the Langley 2L~inch high-speed tunnel.

The Tlrst airfoils investigated showed marked
improvement over those shapes already available; not :
only was the critical speed Increased but also the drag
a8t low Bpeeds was decreased considerably. Because of
the marked improvement achieved, it was considered
desirable to extend the thickness and the lift-cosefficient
ranges for which the orlginal airfoils hed been designed
to obtaln data of lmmediate practical value before further
extending the investigttion of the fundamental aspects
of the-problem. R

.
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SYMBOLS

x abscissa of.camber.lipg -
To ordinate of camber line ) b = PR
t thickness, percent of chord _
c airfoil chord o R S o
8 defined bﬁ % = %(l - cos 8) : -
cr, 11t coefficient T —
Cp drag coefficlent - . H"w:;; r‘“i
®Din minimum drag coefficient - '_-_;i‘— T | . i
Cy pitching-moment coefficlent abdut quarter-chord"

e/l point
P pressure coefficient _ E
M Mach numbsr U ' o _ 2 o
Mop critical Mach number ‘ﬁ_ﬁ_h:g‘?
R Reynolds number : e T -t -

a angle of attack, degrees '.-1: Do L
DEVELOPMENT OF AIRFOIL SERIES - .-'1 _ DL TR

The gerodynamic charactsristics of any airfoil are,
in general, dependent upon the airfoil camber line -and@ . ~ -
the thlckness form. Mean camber lines wére derived. -
analytically to obtain a uniform chordwise distribution =
of induced velocity or pressure for certain designated
11ft coefficients, and an anslybical search for a thick-
ness form that likewlse has low and uniform chordw{ze T e
induced-velocity distributlon was then undertaken. o —

Derivation of the cambsr line.- Glauert (refersﬁéé Ly -
has derived expressions for the local induced velocity
at a point on an airfoll (zero thickness assumed) in
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tarms of the circulstion arcund.an eirfoil corresponding
to & certain distribution of vorticity along the .sirfoll
surface. By assuming the distribution of vorticity to be
constant, a line amirfoill is determined that gives uniform
chiordwise pressure distribution. The form of ths equa~
tion a0 derived is o

T
= HF (log .

where 7y, 4is the ordinate of the mean cembsr llne, x 1is

the abscissa, and the chord is taken as unity. The
ideallzed form described by thls equation has disconti-
nulties at the nose and at the tail, This difficulty ls.
circumvented by assuming very sliight gradients in the
chordwlse load distribution Just at the nose and just at.
the tail, This form, derived by using the Fourler series
method, 1s gZiven by the equation L o

- C - ) -
%ﬁ = E%(o.5833 - 0.%3%33% cos 28 ~ 0.0333 cos L8

- 0.0095 cos 68 - 3,0040 cos 88
- 0.0020 cos 108 ~ 0.0012 ocos 128) (2)

X

where = %(l - cos 8) and c¢ is the sirfoll chord.

Q

Equation (2) expresses the mean camber line chodasn for
airfoils of the series developed. Load or Ilnduced-
veloclty gradings derived from both equations (1) and (2}
are actually {dentical for all practical. purposes. Mean~
camber-line ordinates are given in table I for (g = 1.0,

In. order to.obtaln the mean camber.line.giving uniform
chordwlae distribution of induded veloclty for other
values of the-l1ft coefficlent; the values given’'in
table I are multiplied by the value of the desired lift
coeflicient. ' : .

quivation of the- thickness rorm.- The derivation

of the. thicknasa form 1s not 8q.sSimpie or direct.as the
derivstion of the mesh camber line. The theoretical
pressure:.distribution.was computsd by the methods of
reference 5. f'or, sack; gf‘thé“ﬁeveral thlckness- fcrms

B

invest: gated in peference €. .Some of these forms.

1l 4+ x log l,:~§) _ (1)
X X t
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approached the desd»éd shape but further modificatlons
were investigated analytically and, finally, two shapes
were chosen for tests. These shepes, the HACA 07-009

and the NACA 16-009, &@nd the theoretical pressure distrl--
bution for each are shown in figure 1. The complete '
airfoil profile is derived by first calculating the mean
camber llne for the desired lift coefficient and then
laying out the thickness ordinates giveh in table II from
the camber line along perpendlculars to this line.

Airfoll designation.- Because the ideal sefias of

airfoils requires an extremely large variation of shape,
it becomes practically impossible to use previous num-
bering systems and, further, because thils new series of
airfoils is designed to obtain & specific pressure dlagram,
these sirfolils are designated by a new series of numbers
that is related to the flow and the operating character~
istics of the airfoil. The first number is a serisl
number that descrlbes the class of pressurs distribution,
the second number gives the location of the méximum néga-
tive pressure in percent of chord from the leading edge,
the first number following the dash glves the 1ift coefl~
ficient for which the airfoil was designed to. operate, =
and the last two numbers glve the airfoil thickness in
percent of chord. Thus the NACA 16-509 airfoll has the
shape of the NACA 16-0C9 disposed about the uniform-chord-
wise load camber line designed for & 1lift coerficient of
O 5‘ : . - -

Airfoils investigated.- As previously stated, two
basid alrfoils were investigated. (See fig. 1.} The
NACA 07-009 girfoil should, theoretically, give higher
critical speed than the NACA 16~009 but an edrlier inves-
tigation (refevence %) indicated that, for pressures
occurring near the leading edge, the’ 1ncrease in the
pressure coefficient as a result of compressibility
effects was gredter then that for pressures occurring

farther back on the airfoll, Consequently, it was belieﬁed

that, at speeds as high as the critical speed, the NACA
07-009 asirfoil migtit have, as a result of compressibility
effects, a pressure peak near the leading edge.  The :
NACA 16 -009 airfoll was therefore developed in an dttempt,
to achleve the uniform chordwise load distribution at

high speeds. Both forms were tested and the results
showed higher drag and loweyr critical speed for the NACA
07-009 airfoil. Accordingly, the NACA 16-009 airfoil '
was chosen as the basic form for a series of airfolls

s e
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designed to operate at various 1ift coefficlents.. For ,,.
one value of the 1lift coefficlent the effect of.thickness
variation was also investigated. The airfoils teasted,

of which profiles are shown in figure ‘; are as follows-

"NACA 16-009 NACA 16-506
NACA 16-109 . NACA 16-512 .
NACA 16-209 : NACA 16-515
NACA 16-509 . . NACA 16-521
NACA 16-709 NACA 16-530
NACA 16~1009 . NACA 16-106

NACA 07-009 NACA 07-509

APPARATUS AND METHOD

The tests were conducted in the Langley 2L-inch
high~speed tunnel, in which veloclties approdaching the
speed of sound can he pbtalned. A brisef description of
this tunnel 1s given in reference 3. The balance meas~
ures 1ift, drag, and pltching moment =nd, except for
improvements thet permit a more accurate determinetion
of the forces, 1s similer in principle to the balance
used in the Langley ll-inch high-~speed tunnel. The
methods of operation are likewilse slmilar to those
employed in the operation of-the Langley ll-inch high-
speed tunnel (reference 7}. -

The models were of 5-inch chord and 30-inch span
and were medé of ‘duralumin. A complete description of
the method of constructing the models 1la given in ref-
erence 8. The model mounting is simlilar to that used
in the Langley ll-inch high-speed tunnel (reference 7).
The model extends across the tunnel and through holes,
which are of the same shape as but slightly larger than
the model, cut in flexible brass end plates .that preserve
the csntour of the tunnel walls.  The model ends are :
securad In the balance, which extends halfway around the
test section and is enclosed in the alrtight tunnel
chamber simllar to the instellation in the Langley ll-inch
high-speéed funnel (reference 7). o

The speed range over which measurements were made
extended, in general, from 25 percent of the speed of
sound to values in excess of the critical speed. The
corresponding Reynolds number range was from approxi-
mately 700,000 to nearly 2,000,000. The lift-coefficlent
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range for which tests were made extended from zero 1ift
for each airfoil to values approasching meximum lift

PRICISION

Accidentsal ‘errors are indicated by the scatter on
the plots showing the measured test data (figs. 3 and
2% to 25). These errors are, in general, rather small
and affect nelther the application nor the comparison of
the data. Tunnel effects arlsing from end leakage,’
restriction, and the usual type of tunrel-wal’l “‘effect
are important. =Exact knowledge of these varlous effects
is incomplete at the present time. The largsst effects
appear to arise from air leskage through the clearance
between the model &nd the brass end plates in the tunnel
wall through which the model passes. Investigations of
the leakage effects have been made for the NACA 0012 air-~
foil with a special type of internal gap or clearance =
that permits wide variation of the gap.  Data obtained
wlth various gsp dettings of 0,01 inch and larger extra-
polated ©to zero gasp were used to evaluate the leakage -
correction for the standard type of mounting. These
corrected data wsre then checked by means of wake - -survey
drag measurements with end leakage eliminsted by rubber”
seals. DBecsuse ‘the balance chamber 1s sirti t, the
end-leakage condition is related to the pressure distri-
butlon around the model. It was therefore considered
advisable to check the method of correction for end -

leakage by wake-survey tests with end leakage eliminated '~

by rubber seals for these new aslrfoils, which have radl=
cally dlfferent pressure distributions from the alder o
airfolls such as the NACA 0012. ' Some of these data é4re
shown in figure 3. 1In general, the -agreement is excel-
lent. The data have accordingly been corrected for end-
leakage effects. SRR

Other tunnel effects have not been completely inves-
tigaeted and the data have not been corrected for such
effects as restriction or the more usuel type of wall
effects - As presented, the data are therefore conserva-:
tive, .lhasmuch as investigatlions medé thus far indicate
that the coefficients are high and the critical speeds
may be low., Strictly comparable data for two older alr-
foils,: the 3C8 and the NACA 2409-3l, for . tWwo Mach- numbers .
are included S0 that comparisons can be 'made. ~--7° 2t

. :?-.-
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DISCUS3ION.. .

Ae”odynamic characteristics for several of the NACA
1é-series airfolls ave glven in figures L to 18. Exami-
nation of these figures indicates two important discrep-
ancies between thie theoretical design condltions and the
data obtained from the tests: PFilirst, nome of the' alrfclls
attains the design lift coéfficient at the design angle
of attack (0°) and, -second, the .departure incresddes
markedlv with the d651gn 1ift coefficient. The departures
med¥ be important Lf wvaristicn from the ideal prsssure
distribution is rapid with changse in 1iff coeﬂficient._
This effect, 1f great, would tend to cause lower drag =
and higher critical speed for & narrow region near the'
dbsign-condition than are shown by these data. These
departures also 1increase with the alrfoil thickness.

The .differences between tae design conditions and
the actual test results may be expected because of the
“simplifying assumptions of the thin-airfoil theory,
Thecretically, 1t .ls assumed thet the induced.velocities
ere negligibly small as compared wit: the stream veloclty.
For thin airfolls &t low lifts, this approximation 1s
valld. With increases of 1Lift or thickness, however, the
induced velocitiss epprozch and sometimes exceed the
stream velocity. Study of these effects appesrs to-be
very lmportant in order to obtaln the proper sirfolls”
for high 11£t cecefficients and large thickness ratlos.
Devlations shown by the alrfoils in this series having
high 1ift and high thlckness ratios appear bto 1lndlcate
that the use of a single basic shaepe is. unwarranted irf
it is‘desired to obtain optimum .airfoils for a wide range
of'lift qpefficient and thickneﬁp distribut¢on.-

Txeoretical pressurn-distrxbution diagrams for the
thickér alrfoils showed much greatsr slope.of the pres-
suré’ curve than 1s shown by the baslc NACA 16~009 salrfoil.
Preliminary study indicated that increasing the leading-
edge radiug -and.the ‘fullness of the airfoil between the
l1€ading . edge and .the maximum ordinate may lead to con-
siderable. 1mprovément~vver ths thicker airfoils herein

reported._-,- 1 e T  ;;
Compafisén'of airfbils,— rigufes 10 énd.ZOJiliﬁétraté

the_ dirferences 1n aeroaynamlc characterlatics between
older propeller-blsde sections and the NACA lé-series
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airfoils. At lower speeds (¥ = 0.45; fig. 19) the

3c8 airfoil appears to attain a much higher maximum 1ift
coefficient than the new alrfolls. This result 1is impof-“
tant in that the wider useful angle-<of-attack range may
frequently be required to prevent stalling of a propeller
during take-off. Over the normael flight range, however,
and in most cases for which rational cholce of section
can be msade, the lower drag of the new sections offers
considerable opportunity to achieve higher efficlencies.
The low drag attained by the NACA 2L409-3l airfoll developed
from earlisr tests iIn the Langley ll-inch high-speed tun-
nel may appear surprising. Actually the type of flow for
this asirfoll spproaches the flow tnat might be expected
for the NACA 16-309 sirfoil. . )

The low drag common to most.of the NACA 16-series
airfoils is associated with more extensive reglons of
laminar flow in the boundary layer resulting from the
rearward positionm of the point of maximum negative pres-
sure. Unfortunately, however, the Reynolds number is so
low that effects of lamlnar sepersation may appsar and
some pressure drag might occur. The small differences
in drag between the envelope polar for the new airfolls
and for the NacA 24,09-3l airfoil are prabably a result
of this phenomenon. Actually the polnt of maximum nega-
tive pressure for the new airfolls is considerably
farther back than the corresponding point for the NACA
24,09-3l airfoil but, L1f laminar separation occurs early,
nearly equal drag coeff101ents might be expetted. -

E T T -

bt T8 e

At high speeds (¥ = 3.75, fig. 20), the region for—
which the NACA 1l6-series airfoils were designed, the
superiority of the new alrfoils 1s clear. "Thé& earlier
onset of the compressibility effects for the older air-
foils lesds to early drag incresses snd lowered maximum
lift coefficlents. AL speeds above M = 0.75 the use of
the o6lder sectlons appears unwarranted for any purpose.

Critical speed.~- The variation of the critical'
speed with 1ift coefficient and wlth thickness is given

in figures 21 and 22, respectivsly. - These curves indicate

that critical speeds exceeding the theoretical values
were attained in the tests. 1In ths cholce of the test
criticel speeds, the values were selected on the basis .

of earlier experience that indicated some rise in drag = -

before lsrge flow disturbances occurred. If these speedé '
were chosen as the highest values reached before any
appreciable drag.inerement occurred, the agreement wilth
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the theoretical .curves would be very géod. For oconiparison
the critical speed of the 308 alrfoil is plottsed .in fig-
ure 21. The difference between .the new and the older
#irfoils 1s grester than shown by the curves becausé the
3C3 is 8 percent thick, or 1 percent of ‘the chord thinner

than the airfoils of the NACA 15-009 series. .

Minimum drag.- Coefficients of minimum drag plotted
against Reynolds number are glven 1n figures .23 and 2l.
The lowest drag coefficient was obtained for the NACA
16-~106 airfoll; this coefficient is approximately 0.0026
at low speeds and increases to approximetely 0.0032
immediately below the critical speed. ¢ the 9-percent-
thizk airfoll series designed to operate at various L1ift
coefficients; the. NACA 16-109 alrfoil appears to have
the lowest drag. This result is contrary to expectation
because the symmetrical or baslc form of the NACA 16-009
would normally have the lowest minimum drag coefficilent.
The dlfference may be due to same 1irregularlty of the
airfoll surface. .

The comparison of the minimum drag coefficlents .
for the 3C8 and the Naca 2L,09-3l, and 16-209 alrfoils is
shown 1n figure 25. The high critical speed .-for the NACA
16-209 airfoil is appsrent.. The comparison as given
directly by flgure 25 1s a little misleading because of
the smaller thickness ratio Tor the 3¢8 airfoill. For
equal thlckness rstiocs, the differences betwsen the
C-serles and the NACA l6-series sirfoils will be greater

than shown.

Use of the data.- The envelope polars that may be
drewn for the NACA l6-series airfolls represent a new
and much lower drag as well as higher critical speed
attalnables for the design of propeller-~blade gectlons.
Bven though the angle~of-attack range is less then for
the older sectlorns, there will be numerous designs for’
which sufficient angle-of-attack range is given by the
new sections. TFor high-speed, high-altitude aircraft,
the advantages of the low drag and high critical spesd
are of paramount importance and, 1n these designs, rational
cholce of sectlon 1s of increasing Importance. = In many
designs the dismeter is fixed by considerations other -
then propeller efficlency. Thus the induced losses are
fixed and propellérs of highest efficlency can be developed
only by operating and designiang the blade sections to
operate on the envelope polers. Another important con-
slderation in using new blade sections to achieve highest
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efficiency concerns the adaptation of the sections to

older propeller designs. Optlimum efficlency cannot be

achieved by simply substituting the new sections for the

0ld on a given design. The use of better blade s&ctions

permits the use of larger diameter and necessitates some’ Sz
plan-form changes. _All these factors should be considered

in a2 design for best efflciency with the _hew blade gections.

CONCLUSIOW . R

By a new approach to airfoil design hased upon
findings of fundamental flow studies, a new series of
airfoils, the NACA 16 series, have been developed which
have increased critlcal Mach number and at low speeds T -
reduced drag. - . S

T ; T T e

Ce—a o

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley rield va., June 1, 1939
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TABLE I TR 46
™ 9%
CAMBER-LINE ORDINATES FOR NACA 16- AND 07-SZRIES
AIRFOILS WITH Cp = L.0- | T
[All values measured in percent chord
from chord 1ine_] )
Station Ordinate Slope
0 o . &ﬁ;ﬁj s '“E.'u,-o.‘/uﬂ?
1.25 535 ) ikt
256" 950 29155
—F 5.6 1.580 2332
750 2,120 .19693
10- 00 2.587 17466
- 15.00 3.356] 1380l
.29.00 3?82 .11032
.25.00 . Zs - 08743
50%00 4863 L0&7L3
140-00 5.356 .0%227
50-00 5,516 0 '
6G-o0 3.55,6 - .03227
. 7G-00 861 - 06743
0 -00 3.982 =110%2
90.00 -2.587 - 17486
.95-00 1.580 - .23}32
100.60 97 -.6223, {1

NATIONAL AbVISORY
COMMITTEE FCOR AERONAUTICS



multiply ordinates for NACA l6-series air-

foils by £70.09.:
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A
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TABLE IT
THICKNESS ORDINATES FOR AIRFQILS WITH
THICKNESS 9 PERCENT OF CHCRD: i
E{ll ;values measured in percent chord from
__l and perpendicular to camber line]
_ Ordinates
Stat}on . NACA l6-series NAGA 07-009
e airfoils alrfoil
c - Q. 0
1.25 . - i 969w N33 1,%5
2.5 pl CwToy 1.67
5 s gg ﬁ?;‘f"i 2.19
7.5 Ly '2ﬁ27hv_ (3545 2.58
10 2 2,593 .7 S1%é 2.90
15 : (3.101v - oI 3.01
30 - % 4,98+ a7l .79
—_25;’ —-——--!--_-’.-‘--A-——-E-—— .OT
x| 0 LJ063v c.12e LLEZ
: 0 4391w 2552 L6
.50 ' .~ L.500y g.9es L.50
&0 . n 1,376V =% L.37
-gg : 5.952 = o );.00
4 5.l Sl 33l
G0 1.886v s 1.91
95 .1.061 et 1.00
100 53090 SR .09
4
Slope of radius - 223 ]
through eud of chord & S+5-22%40r -
L.E. redius of
NACA 16-series alrfolls = 0.394(%/0.09)2
&=
1b‘or other thicknesses (&, 1in pergent) . b

:.{m
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various methods.
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Figure 3.- Profiles for airfoils having high critical speeds.
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Figure '4.— Aerodynemic charecteristics of NACA 18-009-series i
airfolls. M= 0,30.



(a) Polar plots.

(b) 1Lift and moment datd.
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